Sex specificity of neural mechanisms modulating nociceptive information has been demonstrated in rodents, and these qualitative sex differences appear to be relevant to analgesia from -opioid receptor agonists, a drug class reported to be clinically effective only in women. Via quantitative trait locus mapping followed by a candidate gene strategy using both mutant mice and pharmacological tools, we now demonstrate that the melanocortin-1 receptor (Mc1r) gene mediates -opioid analgesia in female mice only. This finding suggested that individuals with variants of the human MC1R gene, associated in our species with red hair and fair skin, might also display altered -opioid analgesia. We found that women with two variant MC1R alleles displayed significantly greater analgesia from the -opioid, pentazocine, than all other groups. This study demonstrates an unexpected role for the MC1R gene, verifies that pain modulation in the two sexes involves neurochemically distinct substrates, and represents an example of a direct translation of a pharmacogenetic finding from mouse to human.
Sex specificity of neural mechanisms modulating nociceptive information has been demonstrated in rodents, and these qualitative sex differences appear to be relevant to analgesia from -opioid receptor agonists, a drug class reported to be clinically effective only in women. Via quantitative trait locus mapping followed by a candidate gene strategy using both mutant mice and pharmacological tools, we now demonstrate that the melanocortin-1 receptor (Mc1r) gene mediates -opioid analgesia in female mice only. This finding suggested that individuals with variants of the human MC1R gene, associated in our species with red hair and fair skin, might also display altered -opioid analgesia. We found that women with two variant MC1R alleles displayed significantly greater analgesia from the -opioid, pentazocine, than all other groups. This study demonstrates an unexpected role for the MC1R gene, verifies that pain modulation in the two sexes involves neurochemically distinct substrates, and represents an example of a direct translation of a pharmacogenetic finding from mouse to human.
T he documentation of sex differences in pain and analgesic sensitivity has been an active endeavor in recent years (1) . Increasing evidence suggests that such sex differences may reflect the activation of sex-specific neural mechanisms (2) (3) (4) . For example, we reported a sexual dimorphism in the ability of the noncompetitive N-methyl-D-aspartate (NMDA) antagonist, MK-801 (dizocilpine), to reverse stress-induced analgesia (SIA) produced by forced cold-water swims in mice (4) . Although both sexes displayed equipotent analgesia, only in males was this analgesia blocked by MK-801, thus implying that females possess a distinct, non-NMDAergic system. Additional research by ourselves and others revealed that the female-specific system is enabled by circulating estrogen (4, 5) . However, estrogen appears to be permissive rather than modulating, because females are MK-801 insensitive at all stages of the estrous cycle (6) . To shed light on the genetic and neurochemical basis of sex-specific analgesia, we used quantitative trait locus (QTL) mapping to investigate swim SIA in both sexes of a (C57BL͞6J ϫ DBA͞ 2J)F 2 intercross (B6D2F2) (7) . QTL mapping is a technique in which the coinheritance of continuous traits and polymorphic DNA markers (e.g., microsatellites or single nucleotide polymorphisms) can be used to broadly identify the chromosomal location of genes responsible for trait variability (8) . Distal mouse chromosome 8 [Ͼ52 centimorgans (cM)] was found to be linked to (i.e., coinherited with) SIA in female mice with a logarithm of odds (LOD) score Ͼ6.0, but was unlinked in male mice. Named Siafq1, the QTL accounted for 17-26% of the overall variance in the SIA of females. This same sexual dimorphism (i.e., NMDA mediation in males but not females) was also found to characterize -opioid analgesia (9) , implying that the two phenomena have a common substrate. Thus, in the present study, we investigated the possible sex specificity of the genetic mediation of -opioid analgesia in mice. Three convergent lines of evidence point to the mouse melanocortin-1 receptor gene (Mc1r) as the female-specific QTL. Given that clinically used analgesics with activity at the -opioid receptor have been reported to be more effective in women than men (10-13), we then investigated the functional effects of variants at the human analogue of this gene on one such drug, pentazocine.
Materials and Methods
Mouse Nociceptive Testing. Nociceptive sensitivity was measured with the 49°C hot-water tail-withdrawal assay. Mice were lightly restrained in a cloth͞cardboard holder, and the distal half of their tails was immersed in water thermostatically controlled at 49 Ϯ 0.2°C. The latency to vigorous removal of the tail from the water was measured to the nearest 0.1 s with a stopwatch. At each time point, two latency determinations (separated by 10 s) were made and averaged. A cut-off latency of 15 s was used to prevent the possibility of tissue damage. Procedures were approved by local animal care and use committees. U50,488 Analgesia. Naïve DBA͞2J (D2), C57BL͞6J (B6), or C57BL͞6J-Mc1r e (e͞e) mice (6-8 weeks of age) of both sexes were tested for baseline sensitivity as described above, injected with U50,488 (10-70 mg͞kg, i.p.; in 10 ml͞kg saline), and retested at 15, 30, and 60 min postinjection. For each mouse, analgesia was expressed as percent of total possible analgesia, by comparing the area under the time ϫ latency curve (using the trapezoidal rule) to that of a hypothetical subject displaying cut-off latencies at all postinjection time points. This conservative method corrects for variability in individual baseline latencies. Expressing analgesia with respect to peak postinjection latencies yielded virtually identical results (data not shown). Half-maximal antinociceptive doses (AD 50 s) were calculated from percent analgesia data by using the method of Tallarida and Murray (14) .
In some experiments, mice were pretreated (immediately before U50,488 injections) with either MK-801 (0.075 mg͞kg, This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: ␣-MSH, ␣-melanocyte-stimulating hormone; MC1R, melanocortin-1 receptor; QTL, quantitative trait locus; SIA, stress-induced analgesia; LOD, logarithm of odds; cM, centimorgan.
s.c.) or saline (10 ml͞kg). This dose has been shown to effectively antagonize SIA in males, without motoric side effects (4). We have been unable to find a nonlethal MK-801 dose that significantly and consistently blocks SIA or -opioid analgesia in females of these strains. QTL Mapping. Genomic DNA was isolated from postmortem B6D2F2 mouse spleen tissue by phenol͞chloroform extraction. Samples from five mice were discarded because of poor DNA yield. PCR was performed in a volume of 25 l by using a standard hot-start protocol. PCR products were resolved on 7% nondenaturing polyacrylamide gels and visualized by laser detection of ethidium bromide. B6D2F2 mice were scored, by reference to progenitor strain samples run concurrently, for their genotype (B6͞B6 homozygote, B6͞D2 heterozygote, or D2͞D2 homozygote) at three distal chromosome 8 microsatellite markers: D8Mit11 (49 cM), D8Mit360 (59 cM), and D8Mit56 (73 cM). Both sexes displayed expected Mendelian ratios of genotype at each marker.
Data from female and male mice were analyzed separately by using interval mapping as implemented by MAPMAKER͞QTL (15) . This software program, using maximum-likelihood estimation, iteratively calculates the statistical probability for genetic linkage between the trait and chromosomal locations at and between the markers used. The existence, broad location, and effect size of QTLs are thus assessed.
MC1R Antagonist Synthesis and in Vitro Assays. The peptide AcNle-Asp-Trp-DPhe-Nle-Trp-Lys-NH 2 (16) was synthesized manually by solid-phase methodology using standard fluorenylmethoxycarbonyl strategy (see Supporting Materials and Methods, which are published as supporting information on the PNAS web site, www.pnas.org).
The compound has high potency as an antagonist at the MC1R with a pA 2 ϭ 8.4 in the frog skin assay (16) , but with agonist activities at the human MC3R, MC4R, and MC5R with IC 50 s of 260 Ϯ 82 nM, 60 Ϯ 20 nM, and 910 Ϯ 140 nM, respectively (unpublished data).
MC1R Antagonist Study. Naïve Crl:CD-1 (ICR, St. Constant, Canada) mice (6-8 weeks of age) of both sexes were used in this experiment. Mice were tested for baseline sensitivity as described above, then given an intracerebroventricular (2.5 l per mouse) injection of Ac-Nle-Asp-Trp-DPhe-Nle-Trp-Lys-NH 2 (20 g per mouse) or vehicle (10% DMSO) by the method of Laursen and Belknap (17) . Immediately thereafter, they were injected with either MK-801 (0.075 mg͞kg, s.c.) or saline (10 ml͞kg). Fifteen minutes later all mice were tested for nociceptive sensitivity again, and then given 70 mg͞kg (i.p.) U50,488. Mice were tested at 15, 30, and 60 min post-U50,488. Analgesia was quantified as described above, with reference to the second baseline. Data were analyzed by three-way ANOVA, followed by t tests where appropriate. Full dose-response curves could not be compiled because of limited peptide availability.
Human Study. Forty-two healthy, non-Hispanic white volunteers, ages 18-41 (mean 25.4 years), were studied (12 male and nine female nonredheads, 12 male and nine female redheads) in two experimental sessions, which were conducted 3-5 days apart. In each session, thermal and ischemic pain testing was conducted before and 15 min after i.v. bolus administration of either pentazocine (0.5 mg͞kg) or saline, in double-blind, randomized fashion. All women were studied in their follicular phase (4-10 days postmenses), and equal proportions in each of the two hair color groups were using oral contraceptives. Data were analyzed by two-way ANOVA. All procedures were approved by the University of Florida's Institutional Review Board.
Thermal testing involved administration of brief, repetitive, suprathreshold thermal stimuli to assess temporal summation of thermal pain (18) . Ten heat pulses at 52°C were applied to the right volar forearm, with target temperatures delivered for a duration of Ͻ1 s, with a 2.5-s interpulse interval during which the temperature of the contactor returned to a baseline of 40°C. Subjects rated the intensity of each thermal pulse on a numerical scale of 0-100. Because 28% of subjects terminated the procedure before completion of 10 trials, data from the first five trials were included in the analysis. Ischemic arm pain was induced via the submaximal effort tourniquet procedure (19) . The left arm was exsanguinated by elevating it above heart level for 30 s, then occluded with a standard blood pressure cuff inflated to 240 mm Hg. Subjects performed 20 handgrip exercises at 50% of their maximum grip strength. The time of first reported pain (pain threshold) and the time at which subjects requested to stop (pain tolerance) were recorded, and there was an uninformed time limit of 15 min. Every 60 s subjects rated the intensity and unpleasantness of their arm pain by using combined numerical-verbal descriptor scales. ¶ ¶ Seven of 42 (16.7%) subjects reached the time limit before drug administration. To replace missing values created when subjects discontinued before the time limit, the last value was carried forward. Human Genotyping. The MC1R polymorphism detection strategy involved sequencing the 5Ј two-thirds of the ORF, where all of the known variants occur except for D294H, which was specifically screened for (see Supporting Materials and Methods).
Results

Sex-Specific Linkage of Distal Chromosome 8 to -Opioid Analgesia.
A total of 156 B6D2F2 mice (81 females; 75 males) were bred in our vivarium and tested for their antinociceptive sensitivity to systemic U50,488 (50 mg͞kg, i.p.), a widely used -selective agonist. These same mice were later genotyped at three microsatellite markers spanning a 24-cM region on distal chromosome 8. As shown in Fig. 1a , significant linkage was observed in females (LOD ϭ 2.7, P ϭ 0.0019, 2 df), peaking at 67 cM (1 LOD drop-off confidence interval: 51 cM to end), with the QTL accounting for 25% of the overall trait variance. This LOD score exceeds the replication significance threshold suggested by Lander and Kruglyak (20) for a small genomic interval in which a QTL has previously been mapped. No evidence for linkage was obtained in males (LOD ϭ 0.5, P ϭ 0.32). Whereas female B6D2F2 mice inheriting two copies of the D2 allele at D8Mit56 (73 cM) displayed twice as much U50,488 analgesia as those inheriting two copies of the B6 allele, the allelic status of male mice at this marker was without consequence (Fig. 1b) . . Symbols (F, saline-treated; E, MK-801-treated) represent mean Ϯ SEM percent total analgesia (% analgesia) over the 60-min testing period. No differences were observed in baseline nociceptive sensitivity among genotypes (P ϭ 0.12); males of both genotypes had modestly but significantly increased latencies relative to females (P Ͻ 0.005). n ϭ 4 -11 mice per genotype per sex per dose; these data have been replicated with equivalent sample sizes (not shown). See Table 1 for AD 50 estimates calculated from these data. , on the magnitude and MK-801 sensitivity of U50,488 analgesia in mice of both sexes. Bars represent mean Ϯ SEM percent total analgesia (% analgesia) over the 60-min testing period. The outbred Crl:CD-1 mice used in this experiment were even less sensitive to U50,488 than C57BL͞6 mice (see Fig. 2 ), but also displayed a quantitative sex difference in analgesic magnitude (P Ͻ 0.001). There was no evidence of analgesia from the ANT alone in either sex (data not shown). n ϭ 4 -6 mice per condition. These data have been replicated in a separate laboratory (not shown). * , Significantly lower than corresponding saline group, P Ͻ 0.001. †, Significantly higher than corresponding vehicle group, P Ͻ 0.001. n.c., Not calculable; half-maximal analgesia was not obtained at any dose (see Fig. 2 ). *Half-maximal analgesic dose (AD 50), calculated by the method of Tallarida and Murray (14) . Confidence intervals of 95% are in parentheses. † Calculated as female AD50͞male AD50 (saline groups only). Confidence intervals of 95% are in parentheses. ‡ Males significantly more sensitive than corresponding female saline group, P Ͻ 0.05, based on potency ratio comparison with 1.0. § Significantly more sensitive than corresponding saline group in other genotypes, P Ͻ 0.05.
Neurochemical Mediation of -Opioid Analgesia in MC1R Mutant Mice.
Of the genes already mapped to the distal portion of mouse chromosome 8 (21, 22) . The latter variant is associated with a frameshift mutation in the second extracellular loop, such that the e͞e (''recessive yellow'') mouse is a null mutant, having a completely nonfunctional Mc1r gene. Thus, the sex-specific involvement of MC1Rs in U50,488 analgesia could be evaluated by comparing e͞e mice to the otherwise isogenic strain on which this mutation arose, B6. We therefore tested e͞e, B6, and D2 mice (coprogenitors of the QTL mapping population) of both sexes for U50,488 analgesia (10 -70 mg͞kg, i.p.) in the presence and absence of MK-801. The observed analgesia was mediated by -opioid receptors in all populations, being completely blocked by the -selective antagonist nor-binaltorphimine (5 mg͞kg, s.c.; administered 48 h before U50,488) in every case (data not shown). Although U50,488 can produce analgesia via actions in the periphery (23), the neural circuitry underlying the sex difference is almost certainly central, because in male mice MK-801 can block analgesia from U50,488 administered directly into the lateral ventricles (data not shown). In all three genotypes, saline-treated male mice were found to be modestly but significantly more sensitive to U50,488 analgesia than female mice (see Table 1 and Fig. 2 ). This quantitative sex difference is apparently related to circulating estrogen, because in B6 and e͞e mice it was reversed by adult ovariectomy and reinstated by subsequent estrogen replacement therapy (see Fig. 5 , which is published as supporting information on the PNAS web site). More importantly, the qualitative sex difference observed in D2 and B6 mice 1͞m complete blockade of U50,488 analgesia by MK-801 in males, no effect in females 1͞m was not seen in e͞e mice. In this mutant strain, MK-801 was equally able to block U50,488 analgesia in both sexes (Fig. 2) . That is, mutant e͞e mice displayed male-like, NMDA-mediated U50,488 analgesia regardless of sex (Fig. 2) or hormonal status (see Fig.  5 ). Because the only known genetic difference between B6 females and e͞e females is the absence of functional MC1Rs in the latter, we suggest that B6 females must be using MC1Rs to mediate U50,488 analgesia. The concurrent demonstration of genetic linkage of the trait to the genomic region containing Mc1r renders it highly unlikely that functional compensation by another protein is responsible for these findings. Values presented are means (SD appears in parentheses). For all measures, greater values indicate more robust analgesia. *Redhead (RH) includes auburn (two) and strawberry (three) hair colors; NonRH includes blonde (five), brown (fourteen), and black (two). As seen by others previously (27) , all subjects with two variant alleles were RH, but only 12 of 21 (57%) RH subjects had two variant alleles. † Based on Fitzpatrick skin type classifications: I: burn, never tan; II: burn, then tan; III: tan, sometimes burn; IV: tan, never burn. All subjects with two variant alleles had type I or type II skin. ‡ Of the 14 subjects (29%) with two variant alleles, three were homozygous for R151C, one was homozygous for D294H, six were R151C͞R160W compound heterozygotes, two were R151C͞D294H compound heterozygotes, and one was a V92M͞R160W compound heterozygote. Other than V92M, R151C, R160W, and D294H, the only nonconsensus allele observed was R163Q in one non-RH female. Observed allelic frequencies were very similar to published data (27) . § Calculated as: (postdrug pain threshold Ϫ predrug pain threshold). ¶ Calculated as: (postdrug pain tolerance Ϫ predrug pain tolerance). Calculated as: (sum of all predrug ischemic pain intensity ratings Ϫ sum of all postdrug ischemic pain intensity ratings). **Calculated as: (sum of all predrug ischemic pain unpleasantness ratings Ϫ sum of all postdrug ischemic pain unpleasantness ratings).
† † Calculated as: (sum of predrug thermal pain intensity ratings trials 1-5 Ϫ sum of postdrug pain thermal intensity ratings trials 1-5). ‡ ‡ Significantly higher than corresponding within-sex group, P Ͻ 0.05 (see text).
Sex-Specific Effects of Pharmacological MC1R Blockade on -Opioid
Analgesia. As a convergent line of evidence, we investigated the consequences of pharmacological MC1R blockade by using a potent and selective peptide antagonist, Ac-Nle-Asp-Trp-DPheNle-Trp-Lys-NH 2 (16) . Based on the data obtained in e͞e mutants, we hypothesized that antagonist treatment would also cause females to ''switch'' systems. As shown in Fig. 3 , intracerebroventricular injection of the antagonist into outbred mice significantly potentiated U50,488 analgesia in females but not males. More importantly, the antagonist did indeed appear to cause a switch, reinstating the male-like MK-801 blockade in female mice. Similar results (data not shown) were obtained with another MC1R antagonist, c[Gly-Cpg-DNal(2Ј)-Arg-Trp-GluVal-Val-Gly-NH 2 ] (cyclopentylglycine) (24) , a compound with a K i value at the human MC1R of 53 nM and 3.6-, 108-and 14.2-fold selectivity over human MC3Rs, MC4Rs, and MC5Rs, respectively.
Sex-Specific Dependence of Pentazocine Analgesia on MC1R Status in
Humans. The best-known biological action of the MC1R is its role in the switching of melanin synthesis from the red͞yellow phaeomelanin pathway to the black eumelanin pathway in both skin and hair (25) . The majority of redheads are homozygotes or compound heterozygotes at three major MC1R variants (R151C, R160W, D294H) (26) , and these variants produce loss of function (27, 28) . Thus, human redheads are genetically analogous to e͞e mice in this respect (but see ref. 29) . Given that human sex differences in analgesic response to -opioid-preferring drugs have been reported (10-13), we tested men and women of different natural hair colors and skin types (see Table 2 ) for their sensitivity to one such drug, pentazocine, tested against experimental ischemic and thermal pain. Because the red hair͞light skin phenotype can often occur independently of MC1R, we genotyped each subject as well. Pentazocine produced increases in ischemic pain thresholds and tolerance, decreases in ratings of ischemic pain intensity and unpleasantness, and decreases in thermal pain intensity ratings (all P Ͻ 0.05 relative to saline), indicating significant analgesia. No significant changes on any pain measure occurred after administration of saline, and there were no sex or group differences in the effects of saline on pain responses. For ischemic pain tolerance and ischemic pain ratings of intensity and unpleasantness, significant sex ϫ genotype interactions were observed (P Ͻ 0.05); this interaction approached significance (P ϭ 0.056) for thermal pain ratings. In all of these measures, significant effects of genotype emerged in women but not men. That is, our results (see Fig. 4 ) revealed a significant influence of MC1R genotype on analgesia in women only. Pentazocine at the dose used produced modest analgesia in all men. By contrast, ''classic'' light-skinned, redheaded women with two variant MC1R alleles displayed robust pentazocine analgesia against ischemic pain and were the only group to display convincing analgesia against thermal pain. Skin type appeared to be a better proxy for MC1R genotype than hair color, as these effects reached significance for ischemic pain when light-versus dark-skinned women were compared as described above, but did not quite do so for redheaded versus nonredheaded women (Table 2) .
Discussion
In the present study, QTL mapping of a biological trait was followed by functional studies testing a candidate gene hypothesis. The genetic linkage, mutant, and pharmacological results all were in support of a role for the mouse Mc1r gene, and in every case that role appeared to be specific to females. Formal proof that the Mc1r gene represents the female-specific QTL for U50,488 analgesia in the mouse would require positional cloning (i.e., the reduction of the confidence interval surrounding the QTL, eliminating all other genes on distal chromosome 8), identification of the relevant genetic variant, and perhaps a transgenic ''rescue'' experiment. Indeed, QTL mapping has been criticized based on the continuing difficulty of meeting this high burden of proof (30) . QTL mapping has unique advantages over transgenic and mutagenesis approaches, however (31) , and the value of functional studies in providing strong circumstantial evidence that particular genes represent QTLs is increasingly appreciated (32, 33) . We would argue that because the ultimate goal of mouse genetics is the prediction of genetic effects in humans, much of this debate is beside the point in this case in light of our apparent success in translating this finding to our own species.
At present, a number of biological roles of MC1Rs are widely recognized: regulation of pigmentation and hair color in mammalian melanocytes; regulation of sun sensitivity, freckling, and skin cancer risk; and antiinflammatory effects via the attenuation of proinflammatory cytokine production (21, 22, 25, 26, 34) . None of these functions appears to have any obvious relation to the inhibition of noninflammatory pain. However, in addition to their well-known localization in the periphery, MC1Rs are expressed in brain glial cells (see ref. 34 ) and neurons of the ventral periaqueductal gray (35) , a brain area of critical relevance to the modulation of nociception (36) . Thus, although the involvement of MC1Rs in analgesia is surprising, it is not inexplicable. The identity of the relevant endogenous ligand of MC1R is as yet unclear. The most obvious candidate, of course, is the proopiomelanocortin gene product, ␣-melanocyte-stimulating hormone (␣-MSH). ␣-MSH inhibition of thermal nociception has been demonstrated (37, 38) , but other efforts have revealed an antiopioid role for ␣-MSH (e.g., ref. 39) . The regulation of ␣-MSH release by -opioid receptors appears to be sexually dimorphic (40) . We have, however, been unable to produce reliable effects on nociceptive sensitivity in either sex by using either ␣-MSH itself or a stable analog injected intracerebroventricularly in mice. Of great interest is the possibility that the endogenous -opioid receptor ligand, dynorphin, may be relevant, as dynorphin peptides (including des-Tyr fragments) can bind to melanocortin receptors, including MC1R, with nanomolar affinity (41) . The direction of effect in the antagonist and human experiments (and a similar trend in e͞e mice) suggests that MC1R activation by endogenous neuromodulators would exert antiopioid actions in females.
Also unresolved is the directionality of sex differences in -opioid analgesic magnitude. In laboratory rodents and even primates, males generally display greater -opioid analgesia, although this varies with genetic background (see ref. 42 ). Gear and colleagues (10) (11) (12) (13) , in contrast, have reported that women are more sensitive to the inhibition of molar extraction pain by a number of nonselective -opioid analgesics including pentazocine. We observed a trend in the opposite direction presently: toward greater analgesia in nonredheaded men than women. The discrepancy may reflect their use of an inflammatory pain model, the concurrent use of benzodiazepine sedatives, or the inclusion of a number of redheaded, fair-skinned women in their samples. It should also be noted that our mouse and human studies were performed exclusively in healthy, young adult subjects. Finally, we note that pentazocine, and other clinical analgesics with activity at -opioid receptors, do not bind selectively to this site, having affinity for -opioid receptor as well. Preliminary data (not shown) suggest that e͞e mutants may have sex-specific changes in morphine analgesic magnitude; analogous human data would be of great interest. Regardless, the present findings suggest that sex differences in human pain inhibition may be caused by qualitatively different processing in men and women. The conservation of this genotypic effect from rodent to human is a promising indicator of the potential for mouse genetics to illuminate the basis of individual differences in humans and identify novel targets for analgesic development.
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